The appearance and the development of thermoconvective oscillatory flows are investigated experimentally and numerically in a liquid bridge (LB) filled by 10 cSt silicone oil (Pr x 108). The experiments were carried out under terrestrial conditions using the shielding of a liquid bridge. Xt allows to create different temperature distributions in the ambient gas near the interface. The 8-D numerical simulations have been done using parameters as close as possible to the experimental conditions. The dependence of viscosity upon temperature is taken into account. Both results are in an excellent agreement for the determination of the critical temperature difference. The different heat transfer possibilities at the free surface are analyzed.
INTRODUCTION
Convective flows and heat transfers in systems with free boundaries have intensively been investigated, initially due to their importance in crystal growth processes. The often-used half-zone model (liquid bridge) consists of a finite cylindrical volume of fluid, confined between two concentric rigid disks, which are kept at different temperatures. The temperature gradient along the free surface results in the convective flow due to the thermocapillary and buoyancy effects.
When the temperature merence AT = Thd -T&d between the disks exceeds some critical value AT,, the 2-D toroidal flow undergoes a transition to a 8-D flow. The fhst experimental and numerical studies analyzed the dependence of AT, on the properties of the liquids, e.g. Prandtl number, on the aspect ratio and on the presence of the gravity vector. Lately the attention was aimed at the investigation of the role of a liquid bridge volume and conditions in the gas phase, surrounding the liquid bridge. Azami et al. (2001) investigated the effect of the oxygen partial pressure in the ambient atmosphere. Shevtsova et al. (2000) focused their attention on the role of thermal conditions around the liquid bridge.
The question of the influence. of the thermal conditions near the free surface of the liquid bridge on the onset of instability remains obscure. Wanschura et a1.(1997) h ave studied the role of the Biot number by using a linear stability analysis for the full zone in the case of radial heating. Recently Schwabe et al. (1998) have experimentally investigated heat transport at the free surface in a hollow floating zone. They obtained that AT, and the frequency, both increase significantly when the free surface is cooled. The linear stability analysis by Neitzel et al. (1993) reveals an increase of the AT,, when the Biot number is taken into consideration.
EXPERIMENTAL
SET-UP
The current experiments were carried out to understand the influence of the thermal conditions around the liquid bridge on the threshold of instability and on the flow patterns.
The scheme of the set-up is shown in Figure 1 . The detailed description of the experimental set-up one may find in earlier report by Shevtsova et aI. (1999 Fig. 1 . Experimental set-up. it corresponds to the series of experiments in shielded liquid bridge cSt silicone oil, Pr = 108. A heating element was mounted around the upper rod to heat the fluid from above. The lower rod was kept at a constant temperature. The rods had the same diameter 2Re = 6mm and a liquid zone had a length d = 3.6mm, asa result the aspect ratio was equal to I = d/Re = 1.2.
The experiments were carried out under two different thermal conditions in the ambient gas. In the first case the measurements were done in the open air. This series of experiments will be referred to ss non-shielded liquid bridge experiments. For another series of experiments the liquid bridge was placed in a cylindrical coaxial pipe of larger internal diameter 2R = 12mm. (See Figure 1) The double walls of the pipe were filled by flowing water, the temperature of which could be easily controlled. The thickness of the cylindrical layer of the water is about 3mm. In this way the temperature of the ambient gas around the free surface could be kept at a required value. The experiments under such conditions will be referred to as shielded liquid bridge experiments. The temperature of the water inside pipe and the temperature of the cold rod were kept equal throughout this study, although they were not connected. To protect the liquid bridge from the motion fluctuations in the lab air, the whole system was surrounded by a glass box of large volume for all the experiments. Thii glass box is a kind of semi-sphere with the diameter 330mm.
NUMERICAL METHOD
The mathematical model for 3-D numerical simulation has been chosen as close as possible to the experimental conditions. Both thermocapillary and buoyancy mechanism of convection are taken into account. Basically the geometry of the theoretical model follows Figure 1 . The temperature of the cold disk TO = TWld is used as the reference. The free surface is assumed cylindrical and non-deformable.
The surface tension at the liquid-gas interface, cr, the density, p, and the kinematic viscosity, V, in the bulk are taken as linear functions of temperature. All other material properties are regarded as constants. The governing 3-D time-dependent Navier-Stokes, energy and continuity equations written in nondimensional primitivevariable formulation have been solved in a cylindrical co-ordinate system (r, (p, z). The non-dimensional form results from scaling (T, z) by the radius R and height d of the liquid zone, the dimensionless temperature is Qc = (T -Tc)/AT and 8 is the deviation from the linear temperature profile i.e., 0 = 80 -2.
The equations, boundary conditions, description of the numerical code and its validation can be found in Shevtsova et a.4. (2001) . Only the thermal boundary conditions at the free surface will be discussed here.
Typically, a numerical model has some limitations in comparison with the experimental conditions. For the liquid bridges one of the limitations can be recovered by a correct model of the heat transport through the free surface. For the large Prandtl numbers, (Pr > 30) the temperature of the liquid on the interface is almost constant in the central part of the free surface, T,,,f x Tcold+0.7AT, with strong variations near the hot and cold walls, see solid line in Figure 2 . In this case the heat transfer on the interface is well described ( 1) where h is the heat transfer coeikient, Xr is the thermal diffisivity of the liquid, Tad is the temperature of the surrounding gas. Below the influence of various temperature profiles in the ambient gas will be analyzed.
In the case of a uniform temperature of the gas near the free surface (non-shielded LB), Tad = Tcast, the Eq.(l) in dimensionless form will be written as
where Bi = hR/Xl and A@,,t = (To -Tamb)/AT. Herein, in accordance with the experiment, the calculations are performed when Tad = To = T&d, thus A8,,t = 0. If Tad = Tlin = T-J + (z/d)AT is a linear temperature profile (shielded LB) then &O(r = 1, cp, z, t) = -Bi 0.
The following dimensionless parameters describe the system: Reynolds, Grashof, Prandtl numbers, the relative variation of viscosity and aspect ratio aTATd Re=-, PO4 Gr = sPATd3 -1 4
Here the "surface" Reynolds number is used, which is proportional to the Marangoni number, Ma = Re . Pr. The relative strength of the buoyancy to the thermocapillary forces, which is determined by the dynamic Bond number, is constant throughout this study: BodW = Gr/Re = 3.14. Also, R,IRe = -3.18 . 10m3. The estimated value of the Biot number for considered experimental system is rather small, Bi = (A,,,/&) Regas 1'2 F(Pr) = 0 48 see She&ova et al. (2003) . Thus, the control parameter of the system * > is the Reynolds number.
RESULTS

The Role of the Biot Number
To reveal the role of heat transfer through the interface, the transition from steady to oscillatory flow has been investigated for different Biot numbers. In this paragraph, a linear temperature profile is assumed in the ambient gas. The Prandtl number is Pr = 108 at the reference temperature TO = Scold = 22'C, and the magnitude of the parameter R,, changes in accordance with the chosen temperature difference.
The first numerical results for the thermally insulated system, Bi = 0, reveal a transition from the 2-D steady state to an oscillatory one at Re = 107 f 2. Slightly above the threshold the flow pattern is a traveling wave with azimuthal wave number m = 1. As a next step, the flow organization in the liquid bridge has been calculated using Eq.(3) and the realistic value of the Biot number, Bi = 0.5. Being rather small, the Biot number does not influence the critical Reynolds number. With further increase of the Biot number, the critical Reynolds number grows slightly. For example, for Bi = 5 it achieves Re, = 112. As shown in Figure 2 the surface temperature diminishes near the cold side with the increase of Biot number. The variation of the surface temperature due to the heat transfer is weaker near the hot corner.
The numerical model deals with the cylindrical free surface, therefore comparison should be done with those experiments when the shape of the free surface was close to the cylindrical one. For the present experiments the beat choice of dimensionless volume is [V] = V/(rR$) NN 0.9. The experimental value of critical temperature difference is about AT, x (42.2 f 0.4)'C, while numerical result give AT, x 42.6"C (Re, = 107). This excellent agreement between the experimental and numerical results is due to the fact that the code is able to take into account the dependence of the viscosity upon temperature in the bulk. Indeed, for the same parameters but for constant viscosity, R, = 0, the critical Reynolds number was obtained equal to Re, M 145 f 5 which corresponds to AT M 58.1'C. This is far above the experimental points.
The Role of the Temperature Distribution in the Ambient Gas The described above numerical results for Bi = 0.5 have been obtained, when the temperature distribution in the ambient gas has a linear profile. The surface temperature is not very sensitive to the Tamb. To emphasize the difference, the deviation of the surface temperature from steady linear profile is shown in Figure 3 .
What seems more important is the fact that the form of the periodical time signals e(t) depends on T a,,&. In the case when Tamb is a linear profile, the temperature oscillations e(t), shown in Figure 4a , have almost sinusoidal shape. In the case of uniform T,,b, the oscillations are also periodic with a sustained amplitude, see Figure 4b , but their shape is distorted and the extremum (minimum) consists of two peaks. Thii type of time signal indicates the presence of the strong harmonics in the spectrum.
With increasing the Biot number the temperature profile in the ambient gas already plays a crucial role in the development of the instability. For example, for Bi = 5 in the case T&b = Tli,, the hydrothermal wave with m = 1 appears at Re, x 112 while for the uniform temperature distribution it appears at much higher Reynolds number, Re, x 170.
Modeling of the Shielding
One of the primarily goals of the numerical modeling is to understand the experimentally observed difference between the results for shielded and non-shielded liquid bridges. Definitely, the shielding changes the heat distribution in the gas around liquid bridge, and correspondingly the heat transport through the free surface. What is the principal difference ? It appears that shielded and non-shielded experimental conditions in the liquid bridge correspond to different temperature distribution in the ambient gas.
Contrary to the physical intuition experiments with shielded liquid bridges satisfy the linear temperature profile in the surrounding gas. It follows from the 3-D calculations, that the free surface has almost constant 3-D calculations when Pr=108, Re = 120, R, = -0.38148, Bi = 0.5 (a) Ta,,,t, = Tlin (b) Tati = Toold temperature T x Tdd + 0.7. AT, except some domains near the top and bottom, see Figure 2 for Bi = 0.5. The temperature of shielding is equal to the cold rod, T x Tcold. Then the physical problem in the gas phase can be formulated as the following: a volume of a gas is confined between two differently heated walls (hot interface and cold Wall of the shielding), see Figure 5 . For this configuration a buoyancy force will cause coiivection in the gas phase, and the gas should move up along the hot side. But the liquid on the free surface is moving down. Thus one more extra vortex will appear in the gas phase near the liquid free surface. Due to the relatively small Grashof number in the gas phase, GT = g&*AT(R -EYC,)~/V& = 150, the motion of the gas will follow to the motion of the liquid near the free surface. The final flow organization is shown schematically in Figure 5 . These two vortexes in the gas phase will change the temperature near the free surface. Thus, the linear temperature profile will establish near the liquid surface. These assumptions have been verifkxl by numerical modeling. Fig. 5 . Sketch of the gas circulation in the case of shielding. Two convective vortexes appear in gas phase.
The experimentally recorded temperature oscillations in a shielded liquid bridge is very similar to those, coming from simulations in Figure 4a for Tomb = Tlin. This signal is quite smooth, and the power spectrum exhibits only a few weak harmonics. An experiment in a non-shielded liquid bridge corresponds to the conditions, when the temperature of the ambient gas is uniform. Actually for the open system the buoyancy convection in a gas is not strong; the gas motion will be driven by the moving liquid adjacent to the interface and the temperature of the gas near the liquid will remain constant along the interface. An experimental signal, repeatedly observed in non-shielded bridge, is shown in Figure 6 . Unlike to the previous case the signal has two-peaks contour, indicating the presence of strong &rmonics in the power spectrum just near the threshold of the instability.
The shape of this signal corresponds well to the numerical one in F&e 4b. Their similarity confirms the correct choice of the temperature distribution in the gas phase. Why the numerous harmonics appear in the spectrum for these conditions?
The temperature on the liquid free surface is large, T,,,f = T,ld + 0.7 9 AT, while the temperature in the ambient gas is constant and much lower, T,, = Tcold+d, where 6 << 0.7. AT. Hence there is a kind of jump of the temperature through the free surface, Tlecl -T,,,, which introduces the thermal perturbations in the system. With increasing the Hiot number these perturbations will cause some important modifications of the flow organization.
CONCLUSIONS
The development of the oscillatory flows is investigated experimentally and numerically in a liquid zone formed by 10 cSt silicone oil. The experimental Biot number, Bi=0.5, practically does not influence the critical temperature difference. The critical parameters for the onset of the instability, coming from the calculations and the experiments, ae in excellent agreement. Different temperature distributions in the ambient gas correspond to the various experimental conditions (shielded and non-shielded liquid bridges). Parametric study reveals that for the same surrounding conditions an increased Biot number stabilizes the flow. Temperature distributions in the ambient gas strongly influence the critical temperature difference for the larger Biot numbers, e.g. Bi = 5.
